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Abstract 
Background: Vascular ageing is characterised by arterial stiffening, dilation and arterial wall 
thickening. We investigated the extent to which these changes are related and their 
heritability during 5 year follow-up in the Twins UK cohort.  
Methods: Carotid-femoral pulse wave velocity (PWVcf), carotid diameter, carotid 
distensibility and carotid intima-media thickness (IMT) were measured in 762 female twins 
(mean age 57.9±8.6 years) at 2 time-points over an average follow-up of 4.9±1.5 years. 
Magnetic resonance imaging (MRI) was performed in a sub-sample of 38 women to measure 
aortic pulse wave velocity (PWVaorta), diameter and wall thickness. Heritability of changes in 
arterial wall properties was estimated using structural equation modelling.  
Results: Annual increases in PWVcf, carotid diameter, distensibility and IMT were 0.139 
m/sec, 0.028 mm, -0.4 Pa-1 and 0.011 mm per year respectively. In regression analysis, 
predictors of progression in PWVcf included age, mean arterial pressure (MAP) and heart rate 
(HR) at baseline, and progression in MAP, HR and BMI. Predictors of progression in IMT 
included progression in MAP, BMI and triglyceride levels. Progression of PWV and 
distensibility correlated with progression in carotid diameter but not with IMT.  Heritability 
of progression of PWVcf, diameter and IMT was 55%, 21% and 8% respectively. In a sub-
sample of women that underwent MRI, aortic wall thickness increased by 0.38 mm/year, but 
aortic wall thickening was not correlated with an increase in lumen diameter or PWVaorta.  
Conclusion: Arterial stiffening, as measured by PWVcf, and dilation are heritable but 
independent of arterial wall thickening. Genetic and cardiovascular risk factors contribute 
differently to progression of PWV and IMT.  
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INTRODUCTION 
Vascular aging of large arteries plays a major role in contributing to cardiovascular morbidity 
and mortality 1. Structural changes include an increase in wall thickness and lumen diameter 
2-8. Intima-media thickening (IMT) is widely attributed to sub-clinical atherosclerosis and is 
independently associated with future cardiovascular events 9. The most marked functional 
change in large arteries with age is an increase in stiffness i.e. “stiffening”. Arterial stiffness, 
assessed using pulse wave velocity (PWV), is also a strong independent predictor of 
cardiovascular events 1 and an important determinant of the age-related increase in systolic 
blood pressure and pulse pressure 1, components of blood pressure most closely associated 
with cardiovascular risk in middle-aged to older subjects.  
 The aetiology of arterial stiffening and wall thickening may differ with degenerative 
/calcific processes predominating in the former and atherosclerotic processes in the latter, and 
the extent to which age-related changes in these properties are related is uncertain. Existing 
cross-sectional data have reported inconsistent findings for the direction of association 
between progression of PWV and intima-media thickening 2, 10-12. This may be due to the 
region over which arterial wall thickness, diameter and stiffness are measured. Wall thickness 
and diameter are commonly measured in accessible superficial arteries such as the carotid 
artery using ultrasound techniques. By contrast, PWV is commonly measured between the 
carotid and femoral arteries including the majority of the aorta (carotid-femoral PWV, 
PWVcf). In addition, cross-sectional studies have limited power to detect direction of 
causality and are susceptible to reverse causality bias.  Thus, the aim of this study was to 
investigate the relation between longitudinal changes in PWVcf, carotid diameter and IMT 
over a 5 year follow-up period in the Twins UK cohort. In a sub-sample, wall thickness and 
PWV were measured over the aorta using magnetic resonance imaging (MRI). Using the 
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Twins UK cohort we were able to determine the extent to which arterial stiffening and carotid 
IMT may be due to genetic factors or exposure to environmental risk factors.  
 
Methods 
Subjects 
Subjects were 762 asymptomatic female twins recruited from the Twins UK cohort. All 
subjects underwent an ultrasound exam of the left carotid artery to determine IMT and lumen 
diameter and measurement of PWVcf at baseline (between 2006 and 2012) and approximately 
5 years later (between 2009 and 2015). A sub-sample of 38 subjects additionally underwent 
an MRI scan at baseline (between 2010 and 2011) and approximately 4 years later (between 
2013 and 2015) to determine aortic PWV (PWVaorta), aortic wall thickness and aortic lumen 
diameter. The study was approved by St Thomas’ Hospital Research Ethics Committee, and 
written informed consent was obtained from all subjects. 
 
Clinical characteristics  
Clinical characteristics recorded at baseline and at follow-up included height and weight, 
smoking status, menopausal status, medication and comorbidities including presence of 
diabetes mellitus. Brachial blood pressure was measured with the participants in a supine 
position according to British and Irish Hypertension Society Guidelines using a validated 
automated oscillometric device (Omron, 705 IT, Omron Health Care, Japan). Measurements 
were taken after at least 5 minutes of rest supine and an average of 3 measurements was used. 
Fasting serum total-cholesterol, high-density lipoprotein cholesterol (HDL-cholesterol), 
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triglycerides, and creatinine were measured in 634 participants and fasting glucose in 448 
participants.  
 
 
Arterial structure and function 
All measurements were made in a single centre by a small team of observers who undertook a 
training program to verify adequate reproducibility. The majority of the carotid 
measurements were undertaken by a single observer. PWVcf was measured by ECG 
referenced sequential tonometry of the carotid and femoral arteries using the SphygmoCor 
system (AtCor Medical, Australia), as previously described 13. The intra-observer coefficient 
of variation (CV) for repeated of measurements of carotid-femoral PWV was < 5%; inter-
observer (CV) was < 8 %. Carotid IMT was measured using high resolution ultrasound with 
the participant supine (Siemens CV70, Siemens, Erlangen, Germany and GE Health Care 
Vivid 7 Dimension, Wauwatosa, WI, USA with a 13-MHz and 12-MHz vascular probe, 
respectively). IMT was measured during diastole in the anterior and posterior wall 1 cm 
proximal to the bifurcation over a length of 1-2 cm using automated software (Carotid 
analyser 5, Medical Imaging Applications, Coralville, Iowa). This technique provides highly 
reproducible measurements with previously reported within subject SD < 0.02 and coefficient 
of variation < 3% 14. In the present study intra-observer the intra-observer coefficient of 
variation was < 4%. Average measurements for the anterior and posterior wall were used for 
analysis. Carotid diameter and distensibility were obtained with the same software using 
automated wall tracking. Diameter was measured as the difference between the anterior and 
posterior wall during diastole. Carotid distensibility was measured as the relative change in 
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carotid lumen area (∆A/A) over the cardiac cycle for a given change in central aortic pulse 
pressure (cPP), as measured by the SphygmoCor system 15, 16: Distensibility = (∆A/A)/cPP.  
 
Magnetic Resonance Imaging  
MRI was performed using a 1.5-T Achieva MR scanner (Philips Healthcare, Best, The 
Netherlands) with a five-element cardiac phased-array receiver coil. An oblique-sagittal 
single-slice segmented gradient-echo scout image was initially performed to identify the aorta 
as previously described 17. For measurement of PWV, contrast magnetic resonance was 
performed at the ascending aorta and proximal to the aortic bifurcation. One directional 
through-plane non-segmented velocity-encoding was applied perpendicular to the aorta at 
these two levels using free breathing with retrospective ECG gating 17. Flow velocity data 
was acquired at 4-7 ms intervals, and two signal averages were used to generate aortic flow-
time data over the cardiac cycle. Aortic flow-time curves at the two levels were visualised 
using software developed in house in MATLAB (Release 2009b, version 7.9; Mathworks, 
Natick, Massachusetts, USA). An intersecting tangent algorithm was applied to the curves to 
identify the ‘foot’ of the pulse wave at each level from which the ECG R-wave to pulse 
transit time for each level was determined and PWVaorta calculated by dividing the distance 
(measured as described below) between flow measures by the difference in pulse transit time 
17.  
For measurement of distance between the two flow levels, aortic wall thickness and 
lumen diameter, the aorta was visualised by obtaining sixty-six transverse slices (no slice 
gaps) spanning from the aortic arch to the aortic bifurcation using zoom imaging (free-
breathing, double inversion, black-blood, two-dimensional proton density weighted, turbo-
spin-echo sequence) as previously described 18. To maximize signal-to-noise, the cardiac coil 
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was centered about the thoracic and abdominal aorta, respectively. Other imaging parameters 
included: pixel bandwidth 416 Hz, repetition time of 2 heart beats, shortest trigger delay 
(~500 ms), inversion time ~500 ms, echo time of 5.0 ms, 60 ms acquisition window, 12 lines 
per heartbeat, field of view 220 × 67, acquired matrix size 224 × 208 (acquired resolution 
0.98 × 1.06 mm), slice thickness 5 mm and partial Fourier imaging factor = 0.75 18. Thoracic 
imaging was respiratory-gated using an 8 mm navigator window and compensation for 
respiratory motion in the abdominal aorta was achieved using two signal averages. The 
distance between the flow measures in the ascending thoracic aorta and abdominal aorta was 
determined from zoom imaging 18 by placing a curved line along the centre of the aorta using 
a centreline plot and multiplanar curved reformat (View Forum; Philips Healthcare). For each 
cross-sectional slice, a circular region of interest was drawn around the inner and outer aortic 
wall using Osirix Medical Imaging software (Geneva, Switzerland; www.osirix-viewer.com) 
and the area for both recorded and averaged along the length of the aorta (ascending aorta to 
bifurcation). Average aortic lumen and outer adventitial diameters were calculated from the 
inner and outer areas assuming a circular cross-section and average aortic wall thickness 
calculated as the difference between inner and outer diameters divided by two. For regional 
analysis, the aorta was divided into the thoracic aorta (including the ascending aorta, aortic 
arch, and thoracic aorta above the level of the diaphragm) and abdominal aorta (including the 
aorta below the diaphragm and just above to the aortic bifurcation). Average lumen diameter 
and wall thickness was calculated for each of these regions. Additional flow measurement at 
the level of the diaphragm was performed to calculate thoracic PWV (from ascending aorta to 
diaphragm) and abdominal PWV (from diaphragm to aortic bifurcation) as described above. 
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Statistical Analysis 
Data analysis was performed using IBM SPSS Statistics version 22.0 (SPSS Inc., Chicago, 
Illinois). Subject characteristics are presented as means±SD unless otherwise stated. 
Comparisons between measures at baseline and follow-up were made using Student’s paired 
t-test and McNemar’s χ2 test. Generalized estimating equations (GEE) were used to examine 
correlations of annual progression (taken as the difference between the first and second visits 
divided by time between visits) in PWVcf, carotid diameter, distensibility and IMT (and 
corresponding MRI measures from the aorta), to conventional risk factors. Covariates 
included were age, height, weight, mean arterial pressure (MAP), heart rate (HR), total 
cholesterol, high density lipoprotein cholesterol, triglycerides, fasting glucose, 
antihypertensive treatment, lipid-lowering treatment, type 2 diabetes mellitus treatment. 
Values of these variables at baseline and annual progression were included in the analysis. 
The contribution of risk factors to the progression of arterial measures was first assessed in 
univariate and then multivariate analysis adjusted for baseline measurements. GEE were also 
used to examine the inter-relationship of vascular measures and their progression. Pulsatile 
components of blood pressure were not included in the analysis because they are largely 
determined by PWV. Heritability was assessed in the total cohort for PWVcf, IMT and carotid 
lumen diameter at baseline and for progression in these parameters using the classic twin 
model. Variance of a phenotype was attributed to additive genetic component, shared 
environmental and unique environmental component. These components were estimated 
using structural equation modelling with corresponding confidence intervals (Mx software, 
University of Virginia) 10.   
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Results 
Subject characteristics at baseline and follow-up are shown in Table 1. The sample had a 
similar prevalence of hypertension similar to that in the Health Survey for England (HSE) 
2009 19, the median year for baseline measurements in the present study, for women aged 55-
65 (18% vs 21%, for the present sampled compared to HSE) and BMI (26.0 vs. 28.2 kg/m2) 
but lower rate of current smoking (7.3 vs 16.2%) compared to HSE. The average duration of 
follow-up was 4.9±1.5 years. There was a significant increase, over the follow-up period in 
blood pressure, total cholesterol, HDL-cholesterol, antihypertensive therapy and lipid-
lowering therapy.  The number of smokers decreased from 7% to 5%.  
 
Progression of arterial properties and relation to vascular risk factors 
Over the follow-up period, PWVcf increased by 7.9% (annual increase of 0.139 m/sec/year), 
carotid lumen diameter increased by 3% (annual increase of 0.028 mm/year), carotid 
distensibility decreased by 7.9% (annual decrease of 0.4 kPa-1x10-3/year) and carotid IMT 
increased by 7.4% (annual increase of 0.011mm/year). The relation of progression in PWVcf, 
carotid distensibility and IMT to cardiovascular risk factors (including values at baseline and 
progression over the follow-up period) in univariate and multivariable analysis is shown in 
Table 2. In multivariable analysis, progression of PWVcf was associated with age, MAP and 
HR at baseline, and progression from baseline in MAP, HR and BMI. There was also an 
association with added treatment for hypercholesterolemia and smoking status over the 
follow-up period (table 2). Progression in carotid distensibility was negatively associated with 
age and with MAP at baseline and progression in MAP. Progression of IMT was associated 
with progression in BMI and triglyceride levels and treatment for hypercholesterolemia and 
negatively with progression in treatment for diabetes and hypertension. 
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Correlation of arterial stiffening, dilation and thickening 
At baseline, PWVcf correlated positively with IMT and carotid lumen diameter (r=0.37 and 
r=0.34 respectively, each P< 0.0001). These correlations were less marked but still significant 
when adjusted for age (r=0.14 and r=0.21, for correlations of PWVcf with IMT and carotid 
lumen diameter respectively, each P< 0.0001). Carotid distensibility correlated negatively 
with IMT and carotid lumen diameter (r=-0.35and r=-0.38 respectively, each P< 0.0001; r=-
0.11 and r=0.26, each P<0.01, when adjusted for age). There was no significant correlation 
between progression in PWVcf and that of carotid IMT (r=0.03, P=0.36). There was, however, 
a significant correlation of PWVcf with progression in carotid diameter (r=0.14, P<0.0001). 
Similarly, there was no significant correlation between progression in carotid distensibility 
and that of carotid IMT (r=-0.04, P=0.33) but there was a correlation with progression in 
carotid diameter (r=-0.41, P<0.0001), so that local stiffness (as the inverse of distensibility) 
showed the same relation to carotid IMT and diameter as did PWVcf. Progression in carotid 
diameter was significantly associated with that of IMT (r=0.17, P<<0.001). Multivariate 
regression analysis also showed that progression of PWVcf did not significantly correlate with 
baseline or progression in carotid IMT. This lack of correlation was observed despite a wide 
distribution of progression of IMT. Thus when comparing subjects in the upper to lower 
quartiles of progression of IMT for which there was a > 3 fold difference, there was no 
significant difference in progression of PWVcf (0.21 and 0.20 m/s per year for the lower and 
upper tertiles respectively with 95% confidence intervals for difference between these values 
of -0.05 – 0.07 m/s per year, Figure 1).  Progression in PWVcf remained significantly 
positively correlated with baseline and progression in carotid lumen diameter on multivariate 
analysis (P<0.0001, Table 3). Corresponding relationships between progression of carotid 
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distensibility, diameter and IMT were similar to those observed on univariate analysis (Table 
3).  
 
Aortic stiffening, dilation and thickening as assessed by MRI 
Characteristics of participants that underwent MRI are shown in Table 4. The average 
duration of follow-up was 3.6±1.2 years. The number of women on treatment for 
hyperlipidaemia increased from 32% to 42% and LDL-cholesterol decreased. There was no 
significant change in antihypertensive treatment or in blood pressure between the two visits. 
Over the follow-up period, the most marked structural change was an increase in aortic wall 
thickness which increased by 0.07 mm or 47% (P<0.0001, Table 4) with no significant 
change in aortic lumen diameter (P=0.69). There was no significant change in PWVaorta 
between the two visits. Thus despite the 47% increase in aortic wall thickness over the follow-
up period, the mean increase in PWVaorta was -0.01% and the upper 95% CI for an increase in 
PWVaorta was 7.5%. Progression of PWVaorta was significantly positively correlated with 
progression in aortic lumen diameter (P<0.01, Table 5) but not with wall thickness (Table 5).  
 
Regional differences in aortic stiffening, dilation and thickening as assessed by MRI 
Wall thickness was higher in the thoracic compared abdominal aorta although this did not 
reach statistical significance (0.34±0.07 cm versus 0.32±0.05 cm, respectively, P=0.20). 
PWVaorta was not significantly different between the thoracic and abdominal aorta  
(7.88±1.76 m/sec vs. 8.23±3.79 m/sec for thoracic and abdominal aorta respectively, P=0.58). 
Over the follow-up period increase in wall thickness was significantly higher in the 
abdominal compared to thoracic aorta (wall thickness increased by 0.12±0.12 cm in the 
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abdominal aorta compared to 0.17±0.13cm in the thoracic aorta, P=<0.01). By contrast, there 
was no significant regional difference in progression of diameter or PWVaorta 
 
Heritability of arterial properties and their progression 
Heritability of cfPWV, diameter and distensibility and IMT at baseline was estimated to be 
38% (95% confidence interval, CI: 16-63%), 42% (16-69%), 65% (39-72%) and 34% (9-
50%), respectively. After adjustment for age, heritability estimates were 52% (23-70%), 47% 
(18–69%), 37% (20-50%) and 49% (17–63). Heritability of annual progression of cfPWV, 
diameter, distensibility and IMT between the 2 visits (adjusted for baseline values) was 
estimated to be 58% (32-66%), 20% (0–52%), 44% (7-57%) and 7% (0–36%) respectively. 
After further adjustment for age, heritability estimates were 55% (31-64%), 21% (0–53%), 
44% (14-57%) and 8% (0–36%) respectively.  
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DISCUSSION  
Although there are many cross-sectional data on the relationship of arterial stiffness to age 20 
there are few longitudinal data on progression of stiffness. The arterial stiffening we observed 
with PWVcf increasing by 0.14 m/sec per year is within the range reported by Benetos et al. 
of annual increases of 0.08 and 0.15 m/s in 296 normotensive and 187 hypertensive subjects 
respectively over a 6 year follow-up 21. Lack of a significant increase in PWVaorta in the MRI 
sub-group may have been due to the relatively small sample size in this sub-group with 95% 
confidence intervals for increase in PWVaorta of –0.48 to 0.58 m/s. Annual increases in carotid 
IMT, thoracic and abdominal wall thickness of 0.01 mm/year, 0.15 mm/year and 0.22 
mm/year respectively were consistent with previous studies where increase in carotid and 
aortic walls of between 0.0045-0.32 mm/year have been reported 3-5. In the Multi-Ethnic 
Study of Atherosclerosis, annual increase in aortic wall thickness was comparable to the 
present findings at 0.32±0.46 mm/year over 10 year follow-up where measurement of wall 
thickness was confined to a single point in the thoracic aorta 2. Carotid artery diameter 
increased by 0.04 mm/year consistent with previous findings 6-8.  
To our knowledge, this is the first study to investigate the relation between longitudinal 
change in aortic stiffness, wall thickness and diameter.  Consistent with previous cross-
sectional studies we found a modest correlation between unadjusted PWV and measures of 
arterial wall thickness at baseline 2, 12, 22. However, a major finding of the present study was 
that there was no association between longitudinal progression of PWVcf and carotid IMT, 
nor between carotid distensibility and carotid IMT, nor between PWVaorta and aortic wall 
thickness as measured by MRI. Thus the results were consistent whether assessed locally 
(carotid distensibility vs carotid IMT), regionally (aortic PWV vs. aortic wall thickening) or 
loco-regionally (carotid-femoral PWV vs. carotid IMT). 
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Previous cross-sectional studies have reported a differential association of PWVcf and 
IMT to traditional cardiovascular risk factors, with PWV being mainly associated with MAP 
and HR and IMT relating more closely to smoking and blood lipids 23-25. Our findings 
confirm a strong association between progression in PWVcf and longitudinal exposure to 
MAP and HR. Association of progression in PWVcf with baseline MAP is consistent with 
MAP being a determinant of PWV, rather than vice-versa 26. However, we cannot exclude a 
bi-directional association of PWV with MAP. In addition to a differential relationship of 
arterial stiffening and thickening to conventional risk factors heritability analysis 
demonstrated that stiffening is moderately heritably whereas thickening relates more to 
environmental factors.  
Taken together, the disassociation of arterial stiffening and thickening, their 
differential relationship to classical risk factors and differing heritability points to a differing 
aetiology underlying these processes. Arterial thickening has generally been attributed to 
atherosclerosis, although it may also be influenced by smooth muscle hypertrophy in 
response to hypertension 27. From the ultrasound and MRI zoom imaging of the carotid artery 
and aorta, respectively, we are unable to distinguish whether changes in wall thickness result 
from atherosclerosis or vascular smooth muscle hypertrophy. However, the most marked 
increase in wall thickness was in the abdominal aorta, a site more predisposed to 
atherosclerosis than the thoracic aorta 7. Furthermore, in the MRI sub-group, there was no 
significant change in central blood pressure over the 4 year follow-up. This suggests that 
aortic wall thickening likely results from development of atherosclerosis rather than smooth 
muscle cell hypertrophy. By contrast to atherosclerosis, the process of arterial stiffening is 
thought to relate to degenerative change in the elastin component of the arterial wall 
accompanied by calcification 28. The association of progression of PWV with MAP and heart 
rate in the present study is consistent with degeneration of the arterial wall being influenced 
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by mechanical stresses, as has been previously suggested 29. However, the relatively high 
heritability of arterial stiffening suggests a genetic predisposition to such mechanical factors 
and/or other mechanisms of degeneration.  
Arterial dilation associated with ageing has been attributed to a common degenerative 
process driving both dilation and stiffening and the association of stiffening with dilation 
(again consistent whether assessed locally, regionally or loco-regionally) that we observed in 
the present study would be consistent with this. Furthermore, the correlation between intrinsic 
stiffening of the artery and dilation may be more marked than between PWV and dilation, 
since dilation may offset an increase in PWV caused by intrinsic stiffening of the wall 17. 
However, we also found a significant correlation between dilation and thickening suggesting 
that dilation is driven by both degenerative and atherosclerotic processes. Local activation of 
matrix metalloproteinases by atherosclerotic plaque could be one mechanism implicated in 
this process 30. Arterial dilation may represent a compensatory process to preserve lumen 
diameter in the face of atherosclerotic thickening of the wall 31.  
 
Limitations 
We recognise several limitations in the present study. The study is limited to female 
participant of the Twins UK cohort. However this cohort has been shown to be comparable to 
women in the general population 32 and observed prevalence of hypertension was similar to 
the latest Health Survey data for England but we did observe lower rates for current smoking 
and BMI Although regarded as the most meaningful measure of arterial stiffness, predictive 
of subsequent events, PWV is a functional measurement, influenced not only by the intrinsic 
stiffness of the arterial wall but by arterial lumen diameter and the thickness of the load-
bearing part of the wall of the artery 33. Thus conclusions relating to progression of PWV are 
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not necessarily applicable to intrinsic stiffening of the arterial wall as measured, for example, 
by progression in Young’s Elastic modulus. Progression/regression of carotid IMT does not 
necessarily relate to clinical events 34 and the dissociation between progression of IMT and 
PWV that we observed would argue against progression of these measures being equally 
valuable predictors of cardiovascular events. Thus the study should be interpreted in purely 
pathophysiological terms. Finally, these findings are limited to a 5 year follow-up period, 
with mean age at baseline 58 years. Relationships between arterial stiffening, dilation and 
thickening at younger or older ages or during longer follow-up may differ. 
In conclusion, in women from the Twins UK cohort, arterial stiffening was associated 
with arterial dilation but not with carotid intima-media thickening and, unlike carotid intima-
media thickening was heritable. These findings suggest that the aetiology of arterial stiffening 
differs from atherosclerosis and that there is a genetic predisposition to degenerative process 
linked to arterial stiffening around middle age. 
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